I. INTRODUCTION
Since its introduction, fluorescence microscopy has served as a work horse for molecular and cell biology. A wide range of synthetic fluorescent dyes have been developed, and many fluorescent proteins that are expressed directly within host cells have been isolated and modified. 1 The ample number of options means that nearly any biomolecular target can be labelled and observed using a microscope.
New single-molecule microscopy techniques have emerged in line with the development of fluorophores, including confocal, 2,3 total internal reflection (TIRF), 4 and twophoton microscopy. 5 These approaches allow information normally hidden within statistical ensembles-such as an individual molecule's structure, position, or state-to be probed directly. Single-molecule experiments have led to critical discoveries spanning the fields of physics, 6, 7 chemistry, 8, 9 biology, [10] [11] [12] [13] and materials science. 14, 15 The creation of superresolution techniques has further extended the resolution of fluorescence microscopy beyond the diffraction limit. 16 The success of these techniques has ensured that they will remain valuable tools for researchers and continue to furnish new discoveries.
While there is no shortage of commercially available microscopes to choose from, there are significant limitations to using most "off-the-shelf" microscope and imaging systems. Many have a closed-box design that fundamentally limits the ways in which they can be used. This often makes it difficult to develop custom experimental devices that integrate with the system. To overcome this challenge, we present a versatile, open-frame, inverted fluorescence microscope system, which includes a laser excitation system, a dual-emission imaging system, and a Convex Lens-induced Confinement (CLiC) device. The open frame allows for the introduction of new devices, facilitates diagnostics, and allows further modular a) sabrina.leslie@mcgill.ca. URL: http://www.physics.mcgill.ca/leslielab/.
additions to be made independently. For any researcher wishing to implement any or all of the following infrastructure for their own purposes, schematics, CAD files, and a full list of all commercial parts will be made available by contacting the corresponding author.
II. CUSTOM MICROSCOPE
Our inverted microscope chassis is shown in Fig. 1 . Its open-frame concept allows for integration with experimental devices and customization of optical components. The microscope is the base unit for the microscopy system presented in this work. While it was designed to integrate with the CLiC and two-colour imaging system, it also functions independently as an inverted fluorescence microscope.
The microscope chassis consists of three plates constructed from aluminum tooling plate for precisely parallel faces. These bottom and middle plates are separated by four 1.5 in.-diameter stainless steel pillars, and the middle and top are separated by four 1 in.-diameter stainless steel pillars. The bottom plate serves as a base for the structure. The top of the center plate supports the dichroic cube holder assembly. The dichroic holder functions by allowing an adjustable slider to lock in place, which is compatible with most commercially available mounted dichroics. A mirror and tube-lens assembly attaches to a 90
• adjustable turret that is mounted on the bottom of the center plate. The rotating turret allows the user to direct the fluorescence to one of two imaging systems: either directly to an EMCCD camera or to a two-color imaging system (outlined in Sec. IV). The top plate supports the objective focusing assembly as well as an X-Y translation stage. The objective is mounted on a motorized lens positioner, which allows for precise focusing. For a list of all custom machined parts see Table I .
The modular design of this microscope allows for variability in features and cost. For example, if the option to switch emission pathways quickly is not required, the rotating turret can be removed. Additionally, an optical encoder used for precise measurements of the objective's position is recommended for many applications but not required for basic microscopy.
III. EXCITATION OPTICS
A simplified schematic of the excitation pathway is shown in Fig. 2 . The beams exit the three lasers (488 nm, 561 nm, and 647 nm) before two long-pass dichroics combine them into a single beam. Once combined, the beam passes through two sets of telescopes that each consists of two lenses separated by their back focal lengths. Together, the two telescopes expand the beam by a factor of ∼45. The first telescope is made from lenses with focal lengths of 50 mm and 150 mm and the second from lenses with focal lengths of 50 mm and 750 mm. This magnification allows the lasers to uniformly illuminate the full field of view.
Finally, the combined beams pass through the wide-field lens, which focuses the light on the back focal plane of the objective. The wide-field lens is mounted on a micrometerdriven stage that serves as the base for the final mirror and lens assembly. This assembly controls the position at which the beam hits the dichroic and, ultimately, the angle at which it falls incident on the sample, allowing TIRF microscopy to be performed.
This excitation setup allows the use of high-powered lasers (∼120 mW) to excite single molecules allowing for short exposure times. The beam pathway was simulated and The open-frame concept of the excitation system allows for significant customization. For example, the lasers can be blocked independently using shutters placed in front of the combining dichroics or shared between two separate microscopes through the use of a beam splitter. More components, such as an acousto-optic tunable filter (AOTF), can be added into the excitation pathway to allow for techniques such as Fluorescence Resonance Energy Transfer with Alternating Laser Excitation (FRET-ALEX), 17 or super resolution techniques such as Stochastic Optical Reconstruction Microscopy (STORM). 16 The customizability of the microscope also makes it suitable for use with multiple imaging techniques at once (e.g., combining fluorescence with polarization optics to incorporate measurements of molecular orientations and rotational dynamics 18 ).
IV. DUAL-CHANNEL IMAGING SYSTEM
For many experiments, it is crucial to be able to simultaneously label and image more than one molecular species using spectrally distinct probes. As is the case with most commercially available microscope chassis, two-color imaging systems often have a closed-box design which typically restricts the choice of spectra and may not allow for the spectra of each channel to be controlled independently during an experiment. The custom dual-emission imaging system that we have created as part of our microscopy system overcomes these limitations through its open and customizable design.
Light collected from the objective can be sent to the dualemission imaging system by rotating the lens tube using its rotation turret. This setup allows for quick and easy switching between single-view and dual-view experiments. Our dualemission imaging station (Fig. 2, 1-12 ) is made from simple, off-the-shelf components. The system uses optical elements with a 2 in.-diameter in order to reduce aberrations and custom emission filters to control the spectra viewed in each channel.
The dual-emission system functions by creating two spectrally distinct images of the same field of view and allows them to be viewed simultaneously on the same CCD chip. The dual imaging system achieves this by placing a physical slit at the first imaging plane. This slit cuts the image to half the size of the camera's CCD chip (8.12 mm by 4.06 mm for an Andor iXon camera). Wavelengths above and below the dichroic's characteristic wavelength are directed to separate optical paths, forming two spectrally distinct images. The long-wavelength image is passed through one path, while the short-wavelength image is reflected down the other. The choice of the dichroic's transmission spectrum depends on the fluorophores being imaged. The transmitted and reflected paths each contain two identical lenses which are separated by their focal lengths. The system is designed to use two lenses to focus the image rather than one, as our simulations showed that this setup reduces chromatic and spherical aberrations. Each path This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
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FIG. 2. Excitation and dual-emission optical pathways:
The top pathway is a simplified schematic of the excitation optics. a-j represent the emission pathway where the laser beams are combined and expanded before entering the microscope. 1-12 represent the dual-emission imaging pathways where the image is split according to wavelength and recombined side-by-side on the camera. For a complete parts list of both pathways see Table II . Note: the two systems are not shown to scale with respect to each other.
has a single mirror that allows the two images to be positioned side-by-side before they are recombined into a single beam by a second dichroic. For a list of all components used in the excitation and emission pathways, see Table II . The dual-emission imaging system can be easily modified to allow the use of a wide range of fluorophores by placing the dichroics on magnetic mounts, allowing them to be easily exchanged between experiments. The open design of the dual imaging system also allows for emission filters to be placed in specific imaging pathways rather than having many two-band pass emission filters in a conventional dichroic turret. The emission filters can also be mounted on sliders, allowing for quick insertion or removal of the filters (Fig. 2) . This is particularly useful for experiments performed using CLiC microscopy where interferometry (direct imaging of the exciting laser) is used to measure the chamber's height profile. [20] [21] [22] [23] 
V. SINGLE-MOLECULE IMAGING WITH CLIC
Single-molecule microscopy has enabled researchers to visualize the dynamics, conformational states, and multispecies interactions characterizing a wide range of systems, yielding mechanistic insights which were previously inaccessible using ensemble-averaged measurement techniques. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] In this section, we outline a modular device which extends the capabilities of our microscope to single-molecule microscopy using CLiC. [20] [21] [22] [23] CLiC imaging is based on a simple working principle: confining molecules to a thin sample chamber to allow for single-molecule imaging. CLiC microscopy is performed when a curved optical lens (referred to as the "push-lens") pushes into and deforms the top coverslip of a flow cell. The coverslip bows into the sample chamber creating a thin wedgeshaped chamber that constrains molecules within a single focal plane. The confined volume improves the signal-to-noise ratio as the image is not contaminated with light emitted by out-offocus molecules from above or below. Molecules confined in the chamber are free to diffuse within the focal plane and can be typically tracked for tens of seconds within a 100 × 100 µm 2 field of view. When compared with other single-molecule microscopy approaches such as confocal and TIRF, CLiC offers extended observation times and allows a greater range of molecular concentrations. [20] [21] [22] [23] Figure 3 demonstrates the flow cell CLiC device presented in this work. This device represents a simplified version of a CLiC device which is presented in Ref. 23 . Unlike the previous device which operates through piezo actuators and has an intricate fluidics delivery system, this device is manually controlled which means it is both easy to construct and simple to use, and has the further additional benefit of being financially accessible. The simple design also allows for easier customization of experiments. While this device lacks the extreme precision of the computer controlled device, we demonstrate in This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: Sec. VI B that we are able to take data which is of comparable quality to previous devices. The device rests atop a sample plate that is bolted to the microscope stage. Custom aluminum fittings hold a steel shaft that acts as a rotation-axis for an extended lever arm. On this lever, the push-lens is fixed in a recess by means of set screws. The lever is initially raised to allow for sample insertion and lowered by adjusting a nut on a finely threaded rod at the opposite end of the lever. As the nut is tightened towards the plate, the lens presses down on the flow cell, which is held over the imaging aperture by custom spring clips. A spring applies a restoring force that ensures gradual chamber compression and removes the backlash in the adjustment nut.
VI. PERFORMANCE OF SYSTEM AND APPLICATIONS

A. Single-molecule photobleaching
In order to demonstrate a number of the versatile capabilities of our microscopy system, we have taken a series of demonstration data. To demonstrate the single-molecule imaging capabilities of the microscope, we observed streptavidin singly labelled with Alexa Fluor 488 fluorescent dye (Life Technologies). The molecules were diluted to 180 pM in phosphate buffered saline solution (PBS), with a pH of 7.74. The streptavidin molecules were bound to the bottom coverslip of the flow cell using a polyethylene glycol (PEG) coating comprising 1% biotinylated PEG. 24 A flow cell was formed with 30 µm-thick double-sided tape with the PEG-coated coverslip on the bottom, and a coverslip cleaned with piranha solution (3:1 H 2 SO 4 : 30% H 2 O 2 ) on the top. While being observed on the microscope, labelled streptavidin was flowed into the sample chamber and allowed to bind with the biotin. After 10-15 min, excess streptavidin was washed out. While the bottom coverslip was in focus, the laser beam angle was altered until total internal reflection occurred and single molecules could be seen clearly. Video was taken at 200 ms exposure and 7.5 mW of 488 nm laser power. A cropped image (115 × 115 pixels) of streptavidin molecules taken through the short path of the dual-emission imaging system can be seen in Fig. 4(a) .
Observing intensity traces of individual particles showed clear photobleaching steps. Figure 4(b) shows the intensity of the single molecule within the red circle shown in (a) vs. time, normalized by the background intensity. The molecule was observed for 400 frames at 200 ms/frame. The molecule bleaches at frame ∼160 after which the intensity drops to the levels found at background, which verifies that the molecule is singly labelled. The point spread function (PSF) of this molecule was analyzed in (c) and (d): the former is the raw intensity data of the individual molecule, and the latter is this data fit to a Gaussian function. The Gaussian fit has a standard deviation of 0.62 ± 0.8 pixels in X and 0.58 ± 0.8 pixels in Y. For particles emitting at 525 nm, and a 60X objective with a numerical aperture (NA) of 1.49 (Nikon Apochromat TIRF), the Abbe diffraction limited radius is ∼ 0.66 pixels.
B. Particle tracking
In order to demonstrate the unique imaging capabilities the CLiC device grants our microscopy system, we tracked single freely diffusing λ-phage DNA molecules. We compared the diffusion coefficients of these molecules at two different regions of confinement within the sample chamber, demonstrating CLiC as a platform for nanoscale confinement spectroscopy. and DNA in particular, 26 have been shown to experience the effects of confinement at heights 2R g . Therefore, the molecules are confined for both ranges of chamber heights with stronger confinement effects at the smaller chamber height. The corresponding trajectory analysis and the distribution of diffusion coefficients, D, shown in Figs. 5(c) and 5(d), demonstrate the effect of the imposed confinement in slowing DNA diffusion. Similarly, at these heights, we measured the in-plane radius of gyration:
which measures the square root of the mean squared distance from the centroid of the particle,r, weighted by the pixels' intensities, I. For the preparation of the sample shown in Fig. 5 , the following experimental methods were followed. The final concentrations of reagents were 1.445 mM Tris base, 0.445 mM boric acid, 0.1 mM EDTA, 0.32 mM HCl, 577 nM Alexa Fluor 647, 285 mM 2-mercaptoethanol, and 13 pM of YOYO-1 fluorescently stained λ-DNA at a labeling ratio of one fluorophore per 10 base pairs. This solution had a final pH of 7.1 and an ionic concentration of 1.35 mM. Coverslips for all experiments were cleaned using 2:1 sulfuric acid to 30% hydrogen peroxide solution (piranha) for 45 min. The coverslips were then treated with 1M KOH for 15 min, rinsed thoroughly with deionized water, and dried before being assembled into a flow cell.
C. FRET with dual-channel imaging
To demonstrate the capabilities of the dual-channel imaging system, we present a basic Förster Resonance Energy Transfer (FRET) experiment. FRET is a technique which uses a pair of complementary fluorophores to detect when two molecules have reached close physical proximity (∼10 nm or less). 27 This technique works for fluorophore pairs in which the "donor" fluorophore's emission spectrum overlaps with the absorption spectrum of the "acceptor" fluorophore. For suitable fluorophores, energy from the donor fluorophore is transferred to the acceptor fluorophore through dipole-dipole interactions. This allows the acceptor to fluoresce even though it does not receive energy directly from the excitation laser.
In our demonstration experiment, small oligonucleotides are bound to a chamber that is passivated with PEG, as in Sec. VI A. Short oligonucleotides were bound to this surface through a biotin-streptavidin bond. These DNA segments were labeled with Cy5 (depicted in Fig. 6(a) ). Once bound, complementary oligonucleotides which were labeled with Cy3 were flowed into the flow cell. These complementary oligos selectively bound to the immobilized oligos in such a way as to bring the Cy3-Cy5 FRET pair into close proximity. The sample was excited with green laser light (561 nm) and a FRET shows the mean counts of the particle circled in green over 550 frames in both the green and red channels. In both channels the intensity drops to background in a single frame demonstrating that the FRET donor fluorophore has bleached. signal was observed in a fraction of the molecules. A schematic of this FRET interaction between bound oligos is shown in Fig. 6(b) .
The dual-channel imaging system allows for viewing both the donor and acceptor fluorophores simultaneously in separate channels. Figure 6 (c) shows a small region (140 by 100 pixels) of both channels. Within this region immobile oligos that do not have a complementary oligo bound to them fluoresce only in the "green" channel (the molecules circled in yellow in Fig. 6(c) ) and schematically depicted in 6(b)-ii, while those that do have a bound oligo fluoresce in both channels (circled in blue and depicted in 6(b)-i).
Molecules which showed a FRET signal had their intensities tracked over time and were found to photobleach in both channels at the same frame. These instances were taken to represent single donor fluorophore photobleaching, which simultaneously extinguishes the acceptor. The lifetime intensities of the two fluorophores in Fig. 6(c) showing this phenomenon (circled in blue) are shown in Fig. 6(d) . Signal cross-talk between channels was shown to be insignificant as the oligos without FRET pairs (yellow circles) did not appear in the red channel.
The exact procedure for the experiment was as follows: Streptavidin in a buffer of 10 mM Tris-HCl, 100 mM NaCl, and 0.05% Tween-20 was flowed into the chamber, allowed to sit for 5 min, and then washed out with 200 µl of the buffer. The Cy5 labelled oligo (5 ′ -/5Cy5/ ACCTCGCGACCGTCGCCA/3BiodT/-3 ′ , purchased from IDT), at a concentration of 10 pM in a conjugation buffer of 10 mM Tris-HCl, 1.0 nM EDTA, and 2.0M NaCl was flowed in, allowed to incubate, and then washed out with 200 µl of 10 mM Tris-HCl. Lastly, the complementary oligo with a Cy3 label, (5 ′ -TGGCGACGGTCGCGAGGT/3Cy3Sp/-3 ′ , also purchased from IDT) was flowed in at a concentration of 1 nM in 10 mM Tris-HCl. The reagents were allowed to incubate for 15 min, and then washed out with 400 µl of buffer. 10 mM TrisHCl including protocatechuic acid and protocatechuate-3,4-dioxygenase, a deoxygenation system, was flowed in and allowed to act on the buffer in darkness for 30 min. Images were acquired using total internal reflection illumination with 300 EM gain and a 100 ms exposure time.
VII. CONCLUSION
We have presented the design and construction of a versatile open-frame fluorescence microscopy system and have demonstrated a number of applications for wide-field and single-molecule fluorescence experiments. We have shown our system's dual-channel imaging system allows for imaging between spectrally distinct channels, and that our manual CLiC device is a powerful tool for single-molecule and confinement experiments of freely diffusing molecules. Together these features can combine for novel experiments.
The microscopy system's open frame offers many advantages to systems which are sold as sealed "black boxes." The design of the microscope and optical pathways allows access to the beam at all points, easing troubleshooting and setup, and allows for the customization and easy expansion of the system.
